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Reduce stress on local distribution transformers through load, battery
control, and photovoltaics: A Wellington case study
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Abstract

The growth of electric vehicles (EVs) and photovoltaic (PV) generation introduces new
operational challenges for low voltage (LV) distribution networks, including transformer
overloading, voltage deviations and bidirectional power flows. Mitigation measures often
include the upgrading of conventional transformers and the re-conductoring of feeders.
These methods become inefficient for uncertain load-growth paths. The technical
effectiveness of coordinated distributed energy resources (DERs), such as rooftop PV
systems, battery energy storage systems (BESS), and EV charging as non-wires
alternatives (NWAs) to reduce the operational stress on local distribution transformers
(LDTs) is assessed in this study. The representative Wellington suburban LV feeder is a
656-household feeder with 500-1000 kVA transformers. The feeder is modelled in
DIgSILENT PowerFactory 2024 using the quasi-dynamic simulation language (QDSL)
time-series at hourly resolution for one year. Four progressive scenarios are considered:
(i) baseline operation without DERs, (ii) increasing PV penetration levels (5% in 2030,
10% in 2035, 28% in 2050), (iii) increasing number of EVs as load (5% in 2030, 10% in
2035, 28% in 2050) and (iv) integration of community-scale BESS for peak shaving. The
results show that coordinated operation of DERs with BESSs can reduce transformer peak
loading and improve voltage compared to standalone PV. In particular, the transformer-
aware BESS dispatch offers a measurable peak shaving capacity and improves the local
energy balancing, enabling a higher renewable penetration with less conventional
infrastructure reinforcement. The practical role of DER coordination in improving LV
network are more resilience and defers investment in the distribution systems as a
scalable approach.

Keywords: Distributed Energy resources (DERs); photovoltaic (PV) systems; battery
energy storage systems (BESS); electric vehicles (EVs); Low voltage (LV).

1. Introduction

Low-voltage distribution networks are under rapid structural change due to increasing
electrification and the widespread adoption of distributed energy resources (DERs) in
photovoltaic (PV) systems, Battery Energy Storage Systems (BESS) and electric vehicles
(EVs). While these technologies support the decarbonisation idea, they also introduce
operational challenges for distribution network operators, including transformer
overloading, overvoltage, reverse power flow, and increased feeder utilisation during
peak demand periods (Guo et al., 2021; Majeed and Nwulu 2022; Krishneel Prakash et al.,
2022).

These main impacts occur in residential LV feeders, where the infrastructure is originally
designed for passive one-directional power delivery rather than active bidirectional
energy exchange. This means that the rapid growth of renewable energy sources (RES)
reshapes the way distribution networks operate. Traditionally, electricity flowed in a
single direction from large, centralised generators to end users. However, with the
increasing deployment of distributed resources in PV and BESS, distribution systems
must now manage bidirectional, variable power flows to benefit from reduced
transformer stress (Datta et al., 2020).
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In this context, BESS becomes a more important technology, supporting the balance
between supply and demand, reducing the variability of renewable generation, and
contributing to overall grid stability (Garttan et al., 2025). As a result, distribution
networks are no longer passive systems but are expected to actively deliver services such
as frequency regulation, voltage support, congestion management, and even black-start
capability (Stecca et al., 2020; Meng et al., 2021; Srivastava et al., 2023; Prastia et al,,
2024).

Besides these opportunities, there are many challenges associated with the integration of
RES and BESS at the low-voltage (LV) level. Many existing infrastructure components,
especially local distribution transformers, are not designed to handle highly variable
demand or bidirectional power flows (Boston Consulting Group 2022). Increasing
demand for electricity and electrification trends are placing more pressure on the
distribution network in Wellington. Similar concerns are arising locally (Wellington
Electricity, 2025). Such challenges increase the interest in non-traditional solutions, such
as the deployment of BESS and integration of PV. These approaches can possibly prevent
or postpone conventional network reinforcement and add to the system’s resilience and
cost-effectiveness.

Therefore, the research gap is transformer overloading. One of the key challenges in
modern distribution networks is the increasing demand for EV loads at the LV level. This
can lead to the transformer being under more stress and the asset having a shorter
lifespan (Boston Consulting Group 2022; Wellington Electricity 2025). BESS can mitigate
this issue, but still, there is a research gap regarding the optimal sizing and control of BESS
to reduce transformer overloading under realistic operating conditions (Mohamed et al,
2020; Meng et al, 2021).

The core rationale of this study is to assess whether operational coordination of DERs can
technically extend transformer life while supporting higher levels of renewable
integration and contributing to decarbonisation goals. This study investigates the
technical effectiveness of coordinated DER deployment as a transformer-stress
mitigation strategy, using a representative residential LV feeder in Wellington, Aotearoa
New Zealand. A simulation-based methodology is implemented in DIGSILENT
PowerFactory 2024 to evaluate progressive DER integration scenarios, including EV
charging, increasing PV penetration levels, and centralised and decentralised BESS
deployment.

1.1. Research objective

The objective of this research is to explore the possibility of extending the transformer's
service capability and delaying conventional reinforcement investment
through coordinated DER operation, while supporting higher renewable penetration in
the distribution networks. For this purpose, the case study of the Wellington feeder,
Kilbourne, is selected as a representative of Aotearoa New Zealand’s electricity
distribution systems. The research aims to evaluate the effectiveness of coordinated
DERs, rooftop PV systems and BESSin reducing the operational stress on local
distribution transformers under increasing load conditions driven by EV penetration. In
this study, EV charging is considered mainly as an additional residential load to increase
the peak demand in the evening and to accelerate the transformer utilisation. The main
objectives are:

. To evaluate the impact of EV load charging on distribution transformer loading in

low-voltage networks;
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. To investigate the combined impact of coordinated PV and BESS control strategies
on reducing transformer utilisation levels; and
. To determine whether coordinated distributed energy resources (DERs) can

function as a practical non-wires alternative (NWA) to defer conventional
transformer capacity upgrades under increasing electrification demand.

2. Literature review

The purpose of this literature review is to examine how BESS has been studied in LV
networks, particularly for supporting RES integration, EV charging demand, voltage
control, congestion management, peak shaving, and transformer stress reduction. The
review also identifies how previous studies have addressed these issues through BESS
sizing, placement, control strategies, and optimisation methods. By grouping the
literature into key research clusters, this review highlights which areas are directly
relevant to LV transformer stress reduction rather than frequency regulation and black-
start which are mainly related to the transmission.

2.1. Review approach and outcome

Scopus, Google Scholar, and IEEE Explore were used with a Boolean search string: Battery

OR Battery energy storage systems (BESS) AND Ancillary Services AND distribution grid.

The final dataset was analysed through publication trends, keyword frequency, and

thematic clustering. From this process, it was found that the literature is divided into four

major research clusters:

1. Economics and policy: Topics such as battery degradation, cost-benefit analysis and
regulation are addressed in the economics and policy cluster, which suggests that
financial viability and institutional conditions are significant barriers to the
practical implementation of BESS.

2. Grid operations: The grid operations cluster focuses on voltage control, reactive
power, adaptive control, power quality, and voltage regulation, showing the
importance of BESS in maintaining local network performance.

3. Integration and efficiency: Integration and efficiency cluster: Model predictive
control, power smoothing, congestion management, renewable integration, peak
shaving and demand response. This is consistent with the role of BESS in improving
system flexibility and alleviating network stress.

4. Stability and frequency: The stability and frequency cluster is dominated by system
stability, primary frequency control, and frequency regulation, with additional
attention to black-start, frequency response, and grid-forming inverter
technologies.

Therefore, based on these clusters, the outcome is further divided into two broad

categories:

1. Short-term ancillary services such as frequency regulation, voltage support, and
black-start capability; and

2. Long-term ancillary services such as congestion management, peak shaving, and

power smoothing.

2.2, Review discussion

The four clusters are not equally relevant to the objective of this study, which focuses on
reducing stress on local distribution transformers in LV networks under increasing RES,
BESS, and EV penetration. Grid operations are highly relevant because they directly relate
to voltage control, power quality, reverse power flow, feeder loading, and transformer
operating limits. Integration and efficiency are also highly relevant because they cover
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peak shaving, congestion management, PV-BESS coordination, demand response, and
BESS sizing and control. Economics and policy are relevant, but they are discussed more
briefly because the main focus of this study is technical transformer stress reduction
rather than market design or investment analysis. However, this cluster remains
important because BESS deployment depends on cost, ownership, battery degradation,
and revenue mechanisms. Stability and frequency are also included, but mainly as
supporting background. Many studies in this cluster focus on wider system stability,
frequency regulation, black-start, and grid-forming inverter operation, which are often
associated with transmission-level or whole-system ancillary services. These topics are
important for understanding BESS capability, but they are less directly connected to local
LV transformer stress. Therefore, the discussion topic includes the battery in the
distribution network, battery degradation, and ownership and market regulation

2.2.1. Battery in distribution network

BESSs have become an important technology for supporting modern distribution
networks with increasing renewable energy sources (RES), photovoltaic (PV) generation,
and electric vehicle (EV) charging. The traditional load behaviour in distribution
networks is usually predictable. However, the rapid uptake of EVs and rooftop PV systems
introduces more variable and distributed demand patterns, which increase operational
complexity for network operators (Fachrizal et al., 2021). However, the increasing
penetration of distributed energy resources has changed the operating behaviour of
distribution networks by creating variable demand, intermittent generation,
bidirectional power flow, and local voltage variation (Datta et al., 2020; Fachrizal et al,,
2021; Mamun et al., 2022). These changes are particularly important at the low-voltage
(LV) level, where local transformers, feeders, and lines were not originally designed to
manage highly variable loading or reverse power flow.

One of the major problems in LV distribution networks is the increasing stress on local
distribution transformers. Existing studies show that high PV penetration and EV
charging can increase voltage variation, reverse power flow, frequency regulation, peak
shaving, power smoothing and transformer loading. Majeed (2022) states that reverse
power flow from high PV penetration can overload distribution transformers and reduce
their operating life. Fokui (2022) examines controlled EV charging as a way to manage
reverse power flow in PV-rich LV networks. Prakash (2022) reviews BESS applications
for ancillary services in distribution grids, including voltage support, frequency
regulation, black-start, peak shaving, congestion relief, and power smoothing. The
charging of EVs also can increase the peak demand in the evening and congestion in local
areas, but PV generation surplus can charge directly to battery solving this kind problem
throughout the voltage regulation (Uzum et al, 2021; Srivastava et al., 2023). The
uncoordinated EV charging may lead to overloads of distribution transformers and
increase the asset ageing, particularly with high-speed charging, increasing the peak-to-
average load ratio(Soleimani and Kezunovic 2020; Zheng et al.,, 2021). Kamana-Williams
et al. (2024) also state that unmanaged EV charging may lead to large increases in
transformer loading during peak periods. Similarly, (Majeed and Nwulu, 2022) find that
high PV penetration in LV networks can lead to transformers being overloaded and
reduce their lifetime if the reverse power flow is not properly managed. The studies show
that the timing, location and coordination of PV generation, EV charging and household
load all impact transformer stress, in addition to total demand growth.

BESS are proposed to be a flexible means to reduce these impacts. BESS can reduce
transformer loading, improve voltage performance, smooth power flow and defer



vICTORIA UNIVERSITY OF - Archives of Sustainable Energy Systems

yosd WELLINGTON

N\~ TE HERENGA WAKA
https://www.wgtn.ac.nz/sustainable-energy-systems

network reinforcement by charging during low demand or high-PV periods and
discharging during peak demand. Prakash (2022) find BESS as a promising technology
for the provision of short-term and long-term ancillary services such as voltage support,
frequency regulation, congestion relief, peak shaving and power smoothing. Kryonidis et
al. (2021) also demonstrate that strategic charging/discharging of the BESS can balance
power flows, reduce equipment overloading and improve the reliability of the
distribution network. Stecca et al. (2020) demonstrated that the integration of PV and
BESS in hybrid AC/DC grids can alleviate transformer overloading during peak demand.
Ahmed et al. (2022) also show that the voltage rise and congestion in LV networks can be
reduced by aligning the BESS charging with the PV export.

BESS support renewable integration, grid flexibility, and LV network operation. The
literature also shows that the effectiveness of BESS is highly dependent on its sizing,
placement and control strategy. Al-Saffar and Musilek (2020) suggest the use of
reinforcement learning to coordinate BESS charging and discharging for overvoltage
mitigation. Tewari et al. (2021)suggest coordinated control between BESS and on-load
tap changers for better voltage regulation in distribution feeders. Jamroen (2022) proves
that BESS with state of charge (SoC) management can improve voltage regulation in PV-
rich networks, but economic performance is hard to achieve without proper revenue
support. Zheng et al. (2022) also study BESS integration with solid-state and hybrid
transformers for voltage stability, reverse power flow mitigation and energy arbitrage.
These studies show that BESS can provide local voltage support but its performance is
dependent on control design, economic conditions and network constraints.

Various studies are conducted for optimal BESS planning and scheduling for transformer
loading and congestion management. Prajapati and Mahajan (2021) present a charging
and discharging scheme of the BESS to manage the uncertainty of RES and reduce the grid
congestion. Mohamed et al. (2020) examine optimal BESS placement and scheduling to
ease congestion due to low-carbon technologies. As Laws et al. (2024) mentioned, optimal
BESS planning can increase the lifetime of transformers by reducing thermal overload.
Nair et al. (2021b)demonstrate the use of model predictive control on PV-battery systems
to reduce congestion and degradation of the battery while maintaining high self-
consumption. These studies are very relevant to LV networks as the overloading of
transformers is a localised problem dependent on the demand of the feeder, PV export,
EV charging behaviour and the position of the storage system.

Peak shaving is another important BESS application for transformer stress reduction.
Peak shaving is the reduction of demand during high load periods, by shifting or supplying
part of the load from storage. BESS operations aim to flatten the load profile, charging the
battery during periods of low demand and discharging it during periods of high demand
(Prakash et al., 2022). Rana et al. (2022) compare fixed demand limit and decision tree-
based peak shaving methods and showed that BESS can reduce peaks and mitigate losses,
imbalance and voltage or frequency variation. These studies validate the use of BESS as
NWAs where storage can defer or reduce the need for transformer and feeder upgrades.

Power smoothing is also useful in high PV penetration networks. The output of solar PV
is affected by cloud movement, seasonal variation, and rapid changes in irradiance
resulting in voltage fluctuation and stress on voltage regulating devices (Karmakar and
Singh 2021; Abdalla et al., 2023). Datta (2021) demonstrate that BESS can be used as
an energy buffer that can store excess PV generation at high irradiance and deliver energy
when the PV output is low. Nair et al. (2021a) studied the BESS control based on forecasts
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to smooth the PV output. Wang et al. (2022) propose model predictive control for real-
time BESS dispatch based on PV and load forecasts. Abdalla et a. (2023) have also
demonstrated that hybrid control strategies based on BESS, smart inverters, demand
response, and predictive control can enhance the smoothing performance and reduce the
stress on the batteries. These studies demonstrate the potential of BESS for PV integration
improvement. But they also note the importance of balancing the network support and
the battery degradation.

However, despite the increased literature on BESS in distribution networks, many works
focus on broader ancillary services and system-level stability. Frequency regulation,
reserve provision, black-start capability, and grid-forming inverter control are often
discussed at the whole system or transmission level. Meng et al. (2021) studied the virtual
inertia and droop control of BESS to achieve primary frequency regulation. Zhao et al.
(2021) consider the location-dependent BESS control for fast frequency response, and
Gouveia et al. (2021) consider the BESS with grid-forming converters in isolated
renewable-dominated systems. Gerini et al. (2021) and Syahbani et al. (2025) also discuss
inverter control strategies with the potential of grid-forming inverters for virtual inertia,
black-start and microgrid support. While these studies are important for the stability of
the power-system, they tend to focus on the frequency response, inertia and system-level
operation rather than the local LV transformer loading.

This leaves a clear gap for research. While BESS has been widely studied for ancillary
services, research on the impact of BESS sizing, placement, and control on mitigating local
distribution transformer stress with the increasing penetration of PV and EV is limited.
LV transformer stress is a local, time-dependent problem that is dependent on winter
peak demand, PV export, feeder loading, EV charging coincidence and battery control
logic. Hence, more research is needed to assess the ability of centralised and decentralised
BESS layouts to reduce transformer loading, enhance voltage performance and support
the future operation of LV networks.

This study builds on the existing literature by focusing on BESS as a non-wires alternative
for reducing stress on local distribution transformers. Unlike studies that mainly examine
BESS for transmission-level frequency regulation or general ancillary service provision,
this work focuses on LV distribution network constraints. The main contribution is to
evaluate how BESS configuration and control strategy can reduce transformer
overloading under increasing RES, PV, and EV penetration. This provides a more practical
basis for future distribution network planning, where BESS may be used alongside PV
coordination, EV charging management, and selective network reinforcement.

2.2.2. Battery degradation

The limitation that causes problems is the uncertainty about the degradation and lifetime
of batteries. Batteries as ancillary services are required to cycle frequently and to respond
quickly, which can accelerate battery ageing and reduce the lifespan of the system, such
as a solid-state transformer or controlled ramp rate (Jawad et al.,, 2021; Lappalainen and
Valkealahti, 2022; Zheng et al., 2022). Various models of degradation are discussed, but
many of them are either oversimplified and not representative of real operating
conditions or are too complex to be implemented in a real time control systems
(Soleimani and Kezunovic, 2020; Gui et al.,, 2024). This creates uncertainty in technical
planning and economic assessment.
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Degradation and lifetime, including cycle ageing, depth of discharge (DoD), temperature
sensitivity, efficiency losses, safety risks and limited recycling infrastructure, also affect
battery performance (Nair et al., 2021b; Peng et al., 2021; Kim and Shin, 2023). These
factors drive up lifecycle costs and decrease long-term reliability. Mitigation strategies
include enhanced thermal management, advanced control strategies (e.g., predictive and
Al-based scheduling), the use of long-life chemistries such as lithium iron phosphate
(LFP) and predictive maintenance with data-driven degradation modelling (Mexis and
Todeschini, 2020; Kim and Shin, 2023; Lin et al,, 2023; Chen et al,, 2024; Wang et al,,
2024).

2.2.3. Ownership and market regulation

BESS deployment faces significant regulatory, market and technical barriers. A key
challenge is the lack of clear regulatory frameworks, where storage is not explicitly
defined as an asset class, leading to ambiguity in terms of ownership, market participation
and operational roles (Gailani et al.,, 2020; Kumar et al., 2020; Ramos et al.,, 2021). In
addition, uncertain revenue streams from services such as energy arbitrage and
frequency regulation expose investors to high financial risk, limiting large-scale adoption
(Uzum et al, 2021; Filho et al, 2023). Deployment is also hampered by technical
challenges related to grid integration, such as intermittency, harmonics and bidirectional
power flow, in the absence of advanced control strategies and supportive policies (Uzum
etal,, 2021; Gholami et al., 2024).

Challenges are tackled with clear and consistent regulatory frameworks that specify
storage roles and allow for fair market participation (Filho et al, 2023). Stable revenue
mechanisms such as long-term contracts and flexible markets can lower investment risk
and enable service stacking (Gailani et al., 2020; Kumar et al, 2023). However, to
overcome the technical challenges for ensuring reliable operation, the deployment of
advanced control strategies and the upgrade of grid integration standards are needed
(Gouveia et al., 2021; Srivastava et al., 2023). Peer-to-peer trading based on blockchain
technology is another emerging approach that provides opportunities for increasing
flexibility and generating additional value from BESS deployment (Zheng et al., 2025).

2.3. Review conclusion

In summary, the important points are the proper sizing, coordinated controls,
degradation-aware operation, and the supportive regulatory policies for the successful
implementation of BESS, to guarantee the technical performance and the long-term
economic viability. BESSs are vital for renewable integration and grid flexibility, but
encounter severe economic, technical and regulatory challenges. High capital costs and
the uncertainty in optimal sizing and control strategies impact the feasibility of projects.
Battery degradation, temperature sensitivity and limited recycling infrastructure also
reduce lifetime performance and increase lifecycle costs. There are also regulatory issues,
such as unclear ownership structures and uncertain revenues from ancillary service
markets.

For this study, the long-term ancillary service is the most relevant because it directly
relates to reducing stress on distribution transformers in LV networks. Congestion
management and peak shaving are closely connected to transformer overloading, feeder
constraints, and future demand growth from EV charging. Power smoothing is also
relevant because it helps manage the variability of PV generation and reduces fast
changing in power flow. In contrast, short-term services such as frequency regulation and
black-start are discussed mainly as background, as they are often addressed from
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transmission-level perspective. Therefore, this classification helps narrow the literature
review towards the studies most relevant to BESS placement, sizing, and control for
transformer stress reduction.

3.  Research methods

This research aims to evaluate the effectiveness of coordinated load and battery
control in mitigating transformer overloading and improving the operational
performance of LV distribution networks. The main research question guiding this
study is to what extent coordinated deployment of loads (house and EV), PV and BESS,
can reduce transformer peak loading and defer infrastructure upgrades under realistic
load growth scenarios. The representative case study is in Kilbirnie. The Wellington
suburban LV feeder comprises 656 households supplied by a 500-1000 kVA transformer.

Figure 1. Map and location of the transformer in Kilbirnie, Wellington

3.1. Data collection and sources

Data inputs were drawn from a combination of empirical sources and simulated datasets:

o Loads:
General Loads: The Wellington household load profiles are at fifteen-minute
resolution for 24 hours. These are scaled to consider seasonal and daily variation
in consumption, including morning and evening peaks. Figure 2 shows Aotearoa
New Zealand experiences four seasons each with its own identity load profile
(Anderson et al, 2018). Table 1 indicates each seasonal period and energy demand.
The load profiles in this research use the data set of the NZ GREEN Grid Household
Electricity Demand Data (Anderson et al, 2018). The loads show the seasonal
variation in residential electricity demand for heat pumps, hot water, and lighting.
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Table 1. Aotearoa New Zealand demand by season

Season Duration Energy Demand
Summer December to February Medium
Autumn March to May Medium
Winter June to August High
Spring September to November Low to Medium
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2.5 Winter
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Figure 2. Daily load profile per season in Aotearoa New Zealand

EV Loads: The charging load profiles are based on a 6 kW for three-phase systems
with current residential and public charging infrastructure standards following the
SNZ PAS 6011:2023 (Standards New Zealand 2023). The study adopts a residential
EV charging profile based on research presented in energy consumption Level 1
charging in Figure 3 (Speake et al., 2025). The hourly charging power in a week is
derived from the national aggregate profile shown in Figure 4. Level 1 charging is
chosen because it is more in line with typical residential overnight charging
behaviour. The hourly load profile is normalised over 24 h as a time series with
peak charging occurring in the evening hours (around 18:00-22:00) and low
activity during the daytime hours (Speake et al.,, 2025). The profile is scaled to the
assumed EV battery capacity and charging period. Wellington Electricity states the
percentage of EVs would increase from 6% to 76% for the worst case (Wellington
Electricity, 2025). Transpower states 5 scenarios of the percentage of EVs rise
(Transpower, 2026). In this research, the EV percentage is opted in the medium
range from 6% to 58%.
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Electric Vehicle Charger Level
- Level 1 charger
- Level 2 charger

Hourly Average Charging Power (kWh)

Hour of Day

Figure 1. National average EV charger consumption
(Source: Speake et al., 2025)
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Figure 2. Weekly charging profile of an EV
(Source: Speake et al., 2025)

. PV generation profiles: PV generation profiles are generated from PowerFactory
geographical profile solar irradiance datasets, adjusted for Wellington’s climate
conditions. The design parameters, including the performance of the inverter, the
orientation of the module, and the tilt angle of the module facing North, are

10
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specified by the Standard New Zealand SNZ PAS 6014:2025, and the efficiency of
the standard residential solar panels in converting sunlight to electricity is 20-25%
(Standards New Zealand, 2025). This research selects the increment of PV
generation and observed from 2% to 28% based on the Wellington Electricity data
set (Wellington Electricity 2025). In this study, PV is modelled as a 5 kW export to
distribution grid in terms of residential-scale installation (Standards New Zealand,

2025).
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Figure 5. Comparison between Summer and Winter of PV generation

Figure 5 shows that the generation increases from morning, peaks around midday
and declines towards the evening in Summer and Winter. The scale of the output is
obviously different. The summer profile peaks at a higher value of around 5 kW,
and the winter profile peaks at around 3 kW because of the higher solar irradiance
in summer. In summer, the generation duration is longer, with PV production
starting earlier and ending later. In contrast, the winter profile is shorter and more
compressed, meaning less daylight. These differences show that summer has more
sustained and higher energy generation, while winter seasonal PV contribution to
the system is limited.

. BESS characteristics: BESS systems are parameterised as lithium-ion units, with a
round-trip efficiency of 90 %, depth of discharge (DoD) limits of 80 %, and cycle
degradation around 2% (Gailani et al., 2020; Rahman and Alharbi, 2024; Roy et al,,
2024). In this research, the battery consists of two different types: centralised and
decentralised batteries. The decentralised batteries are distributed throughout the
Kilbirnie network. In terms of the design size of a decentralised battery, a 5 kW AC
inverter can be paired with mostly 10 kW of PV panels supplying AC loads or
exports to the grid (Standards New Zealand, 2025). In this study. The centralised
battery size depends on the load's profile and how much of the battery can handle
the stress of the transformer. The centralised BESS size is estimated from the
transformer load profile by identifying the overload above the rated limit and the
duration of the peak period. The required battery is based on the maximum peak
reduction needed which is needed to be around 20-30% of its SOC at the end of the
day.

11
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3.2. Modelling and Tool Selection

All simulations are performed in DIGSILENT PowerFactory (version 2024). The network
model represents a Wellington suburban LV feeder with a 500-1000 kVA transformer
and 565 residential connection points. Transformer ratings and impedance data were
provided by Wellington Electricity.

3.3. Scenario structure and dispatch strategies

The analysis is divided into four seasonal conditions (summer, autumn, winter and
spring) to capture the variation in time in electricity demand and load behaviour. A multi-
stage temporal framework is employed, with a base case (2025) and three stages of future
development: short-term (2030), mid-term (2035), and long-term (2050). While all four
seasons are considered to ensure completeness, the analysis primarily focuses on
summer and winter scenarios to represent the most critical operating conditions. Winter
is used to evaluate peak demand and maximum network loading driven by the
coincidence of heating and lighting loads, while summer captures minimum demand
conditions and potential impacts such as reduced loading or interactions with distributed
generation (e.g., PV). This type of approach ensures that both very high and very low
demand conditions are properly represented in the evaluation. Three progressive
scenarios are developed to assess the technical potential of increasing DER integration:

1. The current case (year 2025): This period is the Base Case, with no DERs, representing
the current state of the feeder with only existing household demand, adding EV load.
Household Base Load (P load(t)) represents the baseline household electricity demand
(kW) as a function of time. It is typically derived from measured load profiles and can
be expressed as the aggregation of major end-uses:

Pioaa(t) = Prp(t) + Pry (t) + Prigne(t) (D

Where:

Php(t): heat pump demand;
Phw(t): hot water demand; and
Plight(t): lighting demand.

In this study, EV charging is modelled as an additional residential load integrated
into the base household demand. The EV load is treated as a time-dependent power
demand, like other end-use loads, and is added directly to the existing load profile.

Base Case load (Net Household Demand Loads with EV loads [kW]):

Pret @) = Pioqa @) + Pgy (1) (2)

Pev(t) represents the EV charging demand and is incorporated as a normal load addition
without modifying the underlying household consumption structure. This approach
assumes EV charging behaves as a conventional electrical load, contributing to overall
demand and potentially increasing peak loading, particularly during periods of high
coincidence with existing residential loads. The baseline feeder performance (without
DER integration) is assessed using key operational indicators. They are defined as
follows:

Busbar (Voltage magnitude [p.u]):

12
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AV (p.w) = = (3)
base
Line loading [%]:
. . Sactual
Line loading (%) = —— X 100% (4)
rated
Transformer loading in percentage [%]
S
Transfomer loading (%) = ZLransformer « 100% (5)
Srated

The future case (years 2030, 2035 and 2050): These periods are the combination of
Base, PV and BESS. In this study, the BESS is modelled as centralised and
decentralised model. For the PV systems, they integrate at varied penetration levels
(5%, 10%, 28% households for the year 2030, 2035 and 2050 respectively). The
power generate by a rooftop PV system at each household node is modelled as a
function of its installed capacity, local irradiance, and system efficiency. The
generation active power output is given by:

PV power output [kKW]:
Gy
Ppy (t) = Pratea - Nsys * G_ (6)
STC
Net load with PV contribution [kW]:
Pret(t) = Proqa(t) — Ppy (1) (7)

From 2030 to 2050, as PV penetration grows, the community battery is expected to
increase local self-sufficiency, decreasing the dependence of the area. Some of
household-scale BESS are installed alongside PV, operated with peak-shaving
control activated when transformer loading exceeded 90% of rated capacity. The
control is added and set up by 3 levels of BESS capacities (e.g., small, medium, and
large battery size, involving the Base + PV case). For the battery sizing rules, it
depends on how much total energy the battery can store. In addition, power rating
(kW) defines how fast it can charge or discharge. These two values determine how
long the battery can run at full power.

Power rating (kW)

Duration (h =
uration (hours) Energy capacity (kWh) ©

The size of the battery is also determined by the peak demand of the transformer
with constant loads. Peak shaving with a small battery provides limited benefit. The
practical design for network constraint management is a medium-balanced
duration system. On the other hand, a large, longer discharge system has better
peak shaving performance, but the cost is much higher.

Net load with PV and BESS [kW]:

13
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Pret(t) = Pioqa(t) — Ppy(t) £ Pgpss(t) 9)

The hybrid dispatch algorithm prioritises charging BESS with surplus PV during midday,
discharging during evening peaks (such as water heaters and EV chargers). Each scenario
is run for a day in season using an hour time step, ensuring the capture of seasonal
variation in solar resource and load behaviour.

3.4. Control framework

The control strategy is to solve the voltage stability for different PV generation and reduce

the transformer peak loading by coordinating BESS charging using algorithms on:

. Feeder-level supervision control to measure feeder data.

. BESS controllers to respond to PV and transformer data to charge/discharge.

. QDSL in DIgSILENT PowerFactory with an hour resolution across the entire study
year, capturing daily and seasonal variations.

. Level supervision control
The supervisor monitors the loading and voltages in real time and broadcasts vital system
information to all the distributed controllers.

. Inputs: Bus voltage and transformer apparent power
. Output: Percentage of feeder loading, voltage range limits.
. Thresholds: Transformer loading trigger 8tr=90% and Voltage range is between

Vmin=0.95 and Vmax=1.05 p.u.

. BESS for peak shaving control:
The BESS controller is a centralised and decentralised controller for transformer
overloading and voltage fluctuation by time shifting energy by storing surplus solar
generation during mid-day and discharging during evening demand peaks. This
process, called peak-shaving, helps flatten the overall load profile at the low voltage
level.

The analysis considers three levels of PV penetration: 5%, 10% and
28%(Wellington Electricity 2025). These are considered progressive expansions of
rooftop solar adoption for the years 2030, 2035 and 2025, respectively. Load and
PV generated after running the base case, PV represent the actual energy demand.
Similarly, several BESS capacities (X, Y, Z) are considered to investigate the effect of
storage sizing on the network performance at each PV growth level presented in

Table 2.
Table 2. Control peak shaving
Centralised
. PV and S
nari Year . 1 F
Scenario (%) ea Decentralised Objective / Focus
battery

Case 1 5% | 2030 X (kWh) Baseline community PV with small BESS
Case 2 10% | 2035 Y (kWh) Medium PV expansion with medium BESS
Case 3 28% | 2050 Z (kWh) High PV penetration with large BESS

This research identifies the suitable size of battery ensuring the technical security
(which is larger than the medium one, around 10 %) and economy. Even if the case
of the battery size is bigger than usual, there are also economic and resilient aspects

14
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to be considered by the energy management system. For example, if the peak
shaving only consumes from 20% to 90% as load shifting or Time-of-Use (TOU)
Arbitrage, defined as the SoC. This is to maximise tariff differences charged by
drawing energy from the grid during Off-Peak (for the cheapest) hours during the
night, which is not only from excess PV. Then, the stored energy can supply the
facility's demand during On-Peak (most expensive) hours. To be more considered,
each household-scale BESS operates mainly under a transformer-aware control
rule in three rules:

o Charging rule (PV):
When local PV output exceeds load demand, the surplus power charges the battery:

Ppess(t) = —min(Pggss, Pey (t) — Pioqa(t)) (10)
Where Pgrss<0 indicates charging, and PJ}%sis the inverter power rating.

. Discharging rsule (transformer):
When transformer loading rises above the threshold 8,,, the BESS discharges to
support the feeder:
Discharging continues until the loading falls below 8,,- or the SoC reaches its lower
limit.

. Battery SoC dynamics:
SoC is the energy available in the battery at a given time expressed as a percentage
of the total usable capacity. In simulation, the SoC is a variable for when and how
much the BESS can charge/discharge. The BESS energy level evolves as follows:

Picc(t
BESS( )At

SoC(t+ 1) = SoC(t) + NcPass (DAt — (11)

Where:

Pggss: charging power (kW, negative convention);
Pgkss: discharging power (kW, positive convention); and
nc, nd: charge and discharge efficiencies.

The controller constrains SoC from 20 to 90 % to protect battery life (Yu etal., 2016;
Rahman and Alharbi, 2024). This ensures the BESS charges from solar surplus at
midday and discharges during peak evening demand to reduce transformer
loading. The battery control charge is related to the battery size.

4.  Results and discussion

The main discussion focuses on the key simulation results for summer and winter
conditions in 2025 and 2050. These years are used to show how increasing PV and EV
uptake affecting transformer loading, line loading, and busbar voltage performance over
time. The results are discussed by comparing two main scenarios: the reference case
without BESS and the BESS integration case. The reference case represents the expected
LV network performance when future demand is supplied only by the existing
transformer and feeder infrastructure. The BESS integration case then evaluates how
battery storage can reduce transformer loading, relieve feeder constraints, and improve
voltage magnitude during peak operating periods. Although the main analysis focuses on
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2025 and 2050, the 2030 scenario is also included to illustrate the battery sizing process
and to show how the required BESS capacity changes as network stress increases. The
main text presents the base case, and the long-term impacts. The supplementary
document provides the detailed simulation results for the additional scenarios.

4.1. Reference case without BESS

4.1.1. Transformer loading

The graph scenario illustrates the increase in transformer stress over time when EV
charging is considered as an additional residential load, especially during the winter
peak-demand periods. This section shows the effect of EV integration on transformer
loading with the non-DER assumption. The results are assessed for summer/winter
conditions for the 2025 base case and the 2050 long-term scenario.

In Figure 6, the transformer loading in the 2025 base case is within acceptable operational
limits for both seasons. Summer loading levels are relatively low, with peak values
generally below 25% of rated capacity, and are representative of typical residential
demand patterns with moderate diurnal variation. However, winter loading is much
higher due to the overlapping of heating and lighting demand, and maximum values are
near to 90%, which indicates the operation near the limits of transformer capacity during
evening periods. In the 2050 scenario, the increase in EV uptake causes a significant
increase in transformer loading in both seasons. In summer 2050, peak loading rises to
around 55-60%, reflecting the growing impact of EV charging even at times of lower
baseline demand. However, the most critical impact is observed in winter 2050, in which
the transformer loading exceeds 100% and reaches about 135-140% at peak hours. This
indicates that the summer conditions are still manageable, and the winter peak demand
becomes a major constraint at high EV penetration.

4.1.2. Lineloading

From the 2025 base case to 2050, it demonstrates an upward trend in line utilisation with
system expansion and increased electrification. The intermediate stages (2030 and
2035), provided in the supplementary material, show a gradual transition in loading
levels between these two extremes. Figure 7 illustrates the line loading at the transformer
level for summer conditions under the 2025 base case and 2050 long-term scenario,
demonstrating the effect of system expansion and increasing PV and EV penetration on
network utilisation.
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Figure 6. The percentage of transformer loading in Summer and Winter in 2025

and 2050
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Figure 3. Comparison of line stress in Summer between the year 2025 and 2050
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Figure 7 shows the summer line loading comparison for the 2025 base case and the 2050
long-term scenario. In summer 2025, the feeder operates below 30%, with the highest
loading on E Line (930) at around 34% in the evening. Other lines - A Line, B Line, C Line
and G Line - also see increased use in 2050 compared with 2025, particularly in the
midday and evening periods. But all lines remain below the 100% thermal limit, which
indicates that summer conditions result in increased network utilisation, but not in
critical overloading.

Figure 8 compares winter line loading between the 2025 and the 2050 long-term
scenarios. In winter 2025, the line utilisation is already high, with several feeders
reaching close to or above their rated limits during the evening peak. The maximum
loading reaches approximately 98%, indicating that some line sections are already under
stress during winter peak demand. By winter 2050, the loading increases further, with
several feeders exceeding the 100% thermal limit, and the highest values reaching
approximately 140% for E Line (930) and 120% for G Line (291). Lines such as B Line, E
Line, G Line, and H Line show a high utilisation during the evening period above 100%.
This confirms that winter is the critical season for line stress and future EV charging
demand growth.
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Figure 8. The percentage of line loading in Winter 2025 and 2050
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Line stress in Winter 2050
Figure 4. Comparing Line stress condition in Winter

Figure 9 demonstrates the location distribution of line stress for summer and winter in
2025 and 2050. For summer 2025, most lines are within safe limits. Winter 2025 shows
higher stress along main feeder routes and residential areas with increased seasonal
demand.

The increase in line stress is more significant by 2050, especially in winter, with several
sections experiencing high loading. Some areas improve after adding battery storage,
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showing that BESS helps reduce local line stress. However, the most critical case is winter
2050, where it is shown that battery support improves the network performance but does
not remove all constraints in line loading.

4.1.3. Busbar

In the summer case of 2025, busbar voltages are still near 1.0 p.u. with only minor voltage
drops in the morning and evening demand periods. The minimum voltage is still about
0.996 p.u., which indicates stable operation and sufficient voltage support for the base-
case loading condition. By summer 2050, the voltage deviations will become more
noticeable due to higher demand and EV penetration. The minimum voltage on several
busbars drops deeper during peak periods, reaching approximately 0.986-0.988 p.u. The
larger variation, even though still within acceptable operating limits, implies that the
voltage is still stable.
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Figure 5. Voltage magnitude in Winter 2025 and 2050

Figure 10 presents the busbar voltage magnitude in 2025, and 2050 (with and without
the centralised battery) for winter. In the winter case of 2025, the voltage is relatively
stable and close to 1.0 p.u., but visible voltage drops are observed at morning and evening
demand peaks. The minimum voltage is approximately 0.986 p.u. Thus, the system is still
within acceptable, but already subject to a higher voltage variation than in the summer
case. Without the centralised battery in the 2050 winter scenario, the voltage drop is
critical due to increased EV penetration. The minimum voltage occurs around the evening
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peak with Bus A 0.4 kV dropping to under 0.9748p.u. That means that the 2050 winter is
the most stressful for voltage from EV charging, heating and lighting demand.

4.1.4. Solar photovoltaics

The PV system in the study is modelled as a 5kW residential PV system, which is
consistent with the common capacities of rooftop PV systems. In summer (2030 and
2050), the PV highest output is about 0.005 MW (5 kW), around 31.043 KWh/day with a
longer generation period, showing higher irradiance and longer daylight hours. In
contrast, Winter in both 2030 and 2050 has a lower peak 0.003 MW (3kW), around 11.49
KWh/day and a shorter generation window due to lower solar power availability (see
Figure 11). For summer, the year 2030 contains 33 households generating around 31.043
KWh and the year 2050 contains 186 households generating around 190,541.934 KWh.
For Winter, the year 2030 contains 33 households generating around 379.203 KWh and
the year 2050 contains 186 households generating around 70531.758 KWh. Results show
that the seasonal variation has a strong effect on the PV output, with higher and more
sustained generation in summer than in winter.

PV system

MW

0.005

0.004 Time = 2030-06-01 12:00:00

0002 0.00277 —— PV System 650: Active Power

' +

0.002 / \

0.001 /

0 ~ ~ X — \ I\ - -
2020-06-01 2020-06-01 2020-06-01 2020-06-01 2020-06-01 2020-06-01 2020-06-01 2020-06-01
00:00:00 02:00:00 0€:00:00 09:00:00 12:00:00 15:00:00 18:00:00 21:00:00
PV generation in Winter, 2030 (33 households)
PV system

MW

0.005
188 more...
0.004
0.002
0.002
0.001
0 —
2050-08-01 2050-08-01 2050-06-01 2050-08-01 2050-08-01 2050-08-01 2050-06-01 2050-08-01
00:00:00 02:00:00 08:00:00 08:00:00 12:00:00 15:00:00 18:00:00 21:00:00
PV generation in Winter, 2050 (186 households)

Figure 6. PV generation in Winter, 2025 and 2050
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4.2. BESS integration case

4.2.1. Battery impacts on the transformer

Figure 12 indicates the year 2050 situation for summer and winter. In the summer 2050
case, transformer loading remains within acceptable operational limits throughout the
day. Even if there is an increase in the EV loads, the peak remains below the rated
transformer capacity by approximately 57%. In contrast, the winter 2050 case shows a
higher loading profile. The A-TS_703 transformer reaches around 143% during the
evening peak, while another transformer approaches 94%.
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Figure 7. Transformer loading without battery in Summer and Winter 2050

Figure 13 presents the effect of different BESS sizes on transformer loading under winter
operating conditions. In the 2030 winter case, the peak loading of transformer A-TS_703
reduces from 125.3% to 91% by applying a 3.5 MWh battery. This indicates that, in 2030,
the selected battery capacity can support the network and reduce transformer stress. In
the 2050 winter case without battery control, transformer loading increases
substantially, with A-TS_703 reaching approximately 143%. With the 4MWh, it can
reduce the transformer stress from 143% to around 108%. However, increasing the
battery size from 4 MWh to 5 MWh shows that the peak transformer loading shares the
same loading stress approximately 108% by the same controller.
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Battery Controlled Transformer Stress
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Figure 8. Battery size impact on transformer stress in 2030 and 2050

H(2): Loading

Figure 14 compares transformer loading in the winter 2050 scenario after applying
centralised and decentralised BESS configurations. Under the centralised BESS scenario,
the maximum loading of transformer A-TS_703 decreases from 143% to approximately
108%, while transformer G SO_049 increases from 93.85% to 89.35%. Adding the
decentralised BESS scenario, it provides further improvement with the peak loading of A-
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TS_703 reduced to approximately 104%, and G SO_049 reduced to about 88%. Even
though the transformer A-TS_703 exceeds 104%, it takes only one hour from 18:30 to
19:30. This demonstrates that centralised battery combining decentralised BESS can
mitigate transformer stress in 2050.
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Transformer loading with both centralised and decentralised battery in Winter 2050

Figure 9. Transformer loading with the centralised battery, and the centralised
with decentralised battery in Winter 2050

4.2.2. Battery impacts on busbar

Figure 15 compares the busbar voltage magnitude in the 2050 winter scenario under
three conditions: without battery support, with a centralised battery, and with combined
centralised and decentralised batteries. In the case without battery support, the voltage
profile shows a significant drop during the evening peak. The lowest voltage occurs at Bus
A 0.4 kV, falling to approximately 0.9748 p.u.

When the centralised battery is applied, the voltage profile improves noticeably. The
minimum voltage increases from around 0.9748 p.u. to 0.985 p.u., showing that the
centralised battery can provide effective voltage support during the evening peak.
However, some busbars still experience visible voltage drops, indicating that centralised
support mainly reduces transformer-level stress but may not fully address local feeder-
level voltage variation.

With the combined centralised and decentralised battery configuration, the voltage

profile becomes more balanced across the LV network. The lowest voltage remains
around 0.9851 p.u., but several busbars are maintained closer to 0.993-0.995 p.u. during
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the evening peak. This suggests that decentralised batteries provide additional local
support closer to the load, helping to reduce feeder-level voltage drops.
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Figure 10. Comparison voltage magnitude with no battery, the centralised and
decentralised battery in the Winter 2050

4.2.3. Battery impacts on line loading

Figure 16 compares the line loading in the 2050 winter case under three scenarios:
without battery, with a centralised battery, and with combined centralised and
decentralised batteries. In the without-battery case, the line loading increases during the
evening approximately 124.9%. Several other lines also exceed 100%. This means the
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winter 2050 demand profile creates significant feeder stress. After applying the
centralised battery, the line loading is reduced to around 117%. In Figure 17, however,
some lines still remain above their rated limits, which means that centralised storage
alone cannot fully remove local feeder constraints. With the combined centralised and
decentralised battery configuration, the line loading is reduced slightly further, with the
highest loading decreasing to around 115.6%.
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Figure 11. Comparison of line loading with only the centralised, and both the
centralised and decentralised battery in the Winter 2050
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Line Mapping with only the centralised batter in the Winter 2050

ey A e _
in the Winter 2050

Line Mapping with the centralised and decentlied battery

Figure 12. Comparison of line Mmpping with only the centralised, and both the
centralised and decentralised battery in the Winter 2050

28



VICTORIA UNIVERSITY OF

yosd WELLINGTON

Archives of Sustainable Energy Systems

N\~ TE HERENGA WAKA
https://www.wgtn.ac.nz/sustainable-energy-systems

4.3. Discussion

4.3.1. EVload impact without PV and BESS

EV charging load increases transformer and line loading. In summer 2025, transformer
loading is below 25%, while winter 2025 reaches approximately 90% due to the
combination of heating, lighting, and general residential demand. However, by 2050, an
increase in EV creates a stronger impact. Summer transformer loading increases to about
55-60%, while winter load reaches around 140%. Overall, in summer, the existing
transformer capacity is sufficient and no transformer replacement or upgrade is required.
However, due to the winter heating demand, lighting demand, and additional EV charging
load, there is a significant overload in the transformer in the winter.

4.3.2. Lineloading

Line loading results show an increasing trend from 2025 to 2050. It expects most lines to
run well below 30-35% of rated capacity in Summer 2025, so there will be lots of network
capacity available. The line loading in winter 2025 is increased by about 90-
100%, indicating that the network is close to its limit during the winter peak. By 2050,
line loading increases further across the network. The summer 2050 is still largely
controllable at peak queue loading of around 60-70%. However, in the winter of
2050, several lines will exceed 100% and reach critical levels of about 110-120%. This
shows that the centralised battery helps reduce the overall loading during the evening
peak by supplying power at the transformer level. Some lines remain above their rated
limits, which means that centralised storage alone cannot fully remove local feeder
constraints. With the combined centralised and decentralised battery configuration, the
line loading is drop slightly.

In addition, the most considerable line is E line (930) which will reach around 140%. The
decentralised batteries provide additional local support by reducing demand on specific
feeders closer to the load. Although this configuration improves the line loading profile
compared with the centralised-only case, some lines remain overloaded. Therefore, the
results suggest that coordinated BESS control can reduce feeder stress, but selective line
upgrades may still be required at the most constrained locations.

4.3.3. Busbar

The results of the busbar in voltage magnitude show that the network remains within the
acceptable voltage limits in all cases, but the voltage magnitude decreases from 2025 to
2050. In summer 2025, the busbar voltages are close to 1.0 p.u. with a minimum of about
0.996 p.u., which indicates a stable operation. In summer 2050, the minimum voltage
values are around 0.986-0.988 p.u., due to higher demand and EV penetration, resulting
in deeper voltage drops. In the 2050 winter case without the centralised battery, the
voltage drop becomes more problematic due to increased electricity demand and higher
EV penetration. The lowest voltage occurs around the evening peak, where Bus A 0.4 kV
falls to approximately 0.9748 p.u. This shows that the 2050 winter scenario creates the
most stressful voltage condition, mainly due to the combined impact of EV charging,
heating, and lighting demand. After the centralised battery is added, the minimum voltage
at Bus A 0.4 kV increases from 0.9748 p.u. to approximately 0.985 p.u. This improvement
indicates that the battery helps mitigate the voltage drop and improves voltage support
during the winter peak period.
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4.3.4. PV contribution to the system

The PV system is modelled as a residential system with a peak power of 5 kW. The PV
profile is typical of daily generation with an increase in the morning, a peak in the midday
and a decrease in the afternoon. In summer, the PV output is around 5 kW, and the
generation period is longer due to increased irradiance and daylight hours. On the other
hand, the maximum winter PV output is about 3 kW with shorter generation. This means
that PV can meet the demand during the day, especially in summer, but its contribution is
limited during the winter evening peaks, when the transformer is most stressed. Thus, PV
is good for reducing daytime net demand but cannot solve winter evening overloading
problems without a battery in 2050.

4.3.5. Battery control and size for peak shaving

The size of the BESS is an important factor in reducing transformer stress, since it can be
discharged during high-demand periods. For example, in the 2030 winter scenario, the
peak loading of transformer A-TS_703 is reduced from 125.3% to 91% by applying a 3.5
MWh battery. For the 2050 winter scenario, the transformer loading increases
substantially without battery control, and A-TS_703 reaches around 143%. The peak
loading drops to about 108% with the introduction of a 4 MWh battery. A 5 MWh battery
has the same reduced value at 108% with the same control. This means that without any
modification of the controller, transformer overloading cannot be completely solved by
increasing battery capacity. In 2050, the transformer is still slightly overloaded for an
hour, but the battery still provides a meaningful reduction in stress and improves the
network’s capacity to cope with future demand growth.

4.3.6. Battery ownership

The centralised BESS reduces transformer loading significantly in the winter 2050 case.
Without adding the BESS, the most stressed transformer reaches approximately 143%.
After applying centralised BESS, the peak loading of transformer A-TS_703 decreases to
approximately 108%, while transformer G S0_049 reaches around 89%. This
demonstrates that centralised BESS is effective in reducing peak transformer stress,
especially during the evening demand period. By adding decentralised BESS, it can reduce
the loading of A-TS_703 further from approximately 108% to about 104%, while G
S0O_049 decreases from around 89% to about 88%. In the centralised-only case, battery
output drops to about 0.04 MW before rising to 0.09-0.10 MW. With decentralised
support, the centralised battery output remains around 0.06 MW. This shows that
decentralised batteries can assist the centralised BESS by supporting the local feeder and
reducing the burden on the main battery. Under the combined centralised and
decentralised configuration, the centralised battery remains the main source of support,
while decentralised batteries provide smaller local injections and absorptions. This
distributed operation improves local balancing, reduces feeder stress, and helps reduce
the centralised battery burden.

4.4. Limitation

This work is limited to one low-voltage feeder in Wellington. The work is modelled in
DIgSILENT PowerFactory with a geographical reference and hourly simulations for one
year. This resolution is suitable for annual planning and transformer utilisation
analysis, but does not capture short-term dynamics such as voltage flicker, frequency
events, or fast PV variations. Therefore, dynamic network stresses may be under-
represented. The analysis focuses on rooftop PV and household-scale BESS, assessed
mainly through transformer loading and voltage deviation. While the feeder is assumed
to be representative of a Wellington case, variations in topology, transformer age,
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conductor size, and load diversity mean that the results are indicative rather than site
specific. Moreover, BESS degradation is simplified by employing standard efficiency,
depth-of-discharge limits and linear capacity fade, rather than detailed electrochemical
modelling.

5. Conclusion

The study demonstrates a significant increase in transformer and line loading due to the
adoption of EVs, especially during winter peak periods. Without PV and BESS, or under
DER conditions, the network is within acceptable limits in 2025, but in 2050 the
transformer loading in winter reaches around 135-140%, with evident overloading. With
several feeders being loaded above their rated capacity during the winter, the queue
loading increases. This confirms winter as the critical operating scenario due to the
coincidence of EV charging, heating, lighting, and general residential demand. PV
generation improves the network performance during the day, especially in summer, but
its contribution is limited during the winter evening peaks.

5.1. Recommendations
The results of this study show that future LV distribution networks will require a more
coordinated planning approach as electricity demand, PV generation, and EV charging
continue to increase. Transformer and feeder stress are not only influenced by total
demand growth, but also by the timing of demand, the location of DERs, and the way BESS
is controlled. Therefore, network planning should consider both technical performance
and operation, rather than relying only on conventional reinforcement. Based on the
simulation outcomes, BESS can reduce transformer loading and improve network
operation, but its effectiveness depends on correct sizing, placement, and coordination
with PV and EV demand. Therefore, the following recommendations are made:
. Future planning should be based on winter peak-demand conditions, which are the
most demanding on the transformer and feeder lines.
. A coordinated BESS strategy should be adopted that combines centralised storage
for support at the transformer level and decentralised storage for local feeder relief.
. PV should be coupled with BESS to shift generation from daytime to the evening

peak period.

. Consideration should also be given to coordinated EV charging to reduce the peak
coincidence.

. Finally, selective transformer or feeder upgrades may still be needed at constrained

locations where loading remains above rated limits after BESS support.
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